Abstract-Peripheral nerve injuries lead to a variety of pathological conditions, including paresis or paralysis when the injury involves motor axons. We have been studying ways to enhance the regeneration of peripheral nerves using daily electrical stimulation (ES) following a facial nerve crush injury. In our previous studies, ES was not initiated until 24 h after injury. The current experiment tested whether ES administered immediately following the crush injury would further decrease the time for complete recovery from facial paralysis. Rats received a unilateral facial nerve crush injury and an electrode was positioned on the nerve proximal to the crush site. Animals received daily 30 min sessions of ES for 1 d (day of injury only), 2 d, 4 d, 7 d, or daily until complete functional recovery. Untreated animals received no ES. Animals were observed daily for the return of facial function. Our findings demonstrated that one session of ES was as effective as daily stimulation at enhancing the recovery of most functional parameters. Therefore, the use of a single 30 min session of ES as a possible treatment strategy should be studied in human patients with paralysis as a result of acute nerve injuries.
INTRODUCTION
Peripheral nerve damage can lead to serious sensory and/or motor dysfunctions. The facial nerve is the most commonly injured cranial nerve. Injury to the facial nerve can have many causes, the most prevalent being Bell palsy, compression or stretching of the nerve caused by tumors or bone fractures, and transection. The facial nerve's susceptibility to injury arises from its complex anatomical course from the brain stem to its target muscles. The severity of facial paresis and the recovery outcome depend on the site of facial nerve injury, with the greater damage observed with an injury more proximal to the cell bodies. Although peripheral nerves are remarkable for their regenerative capacity, recovery from nerve damage can be slow and/or incomplete. Therefore, understanding the factors that can enhance the regenerative process following peripheral nerve damage is important so that therapies can be developed to target such factors.
Applying electrical stimulation (ES) has been shown to affect morphological and functional properties of neurons such as nerve branching, rate and orientation of neurite growth, rapid sprouting, and guidance during axon regeneration [1] [2] [3] [4] . Therefore, ES has been explored as a therapeutic strategy for improving the outcome of peripheral nerve injury. Over the course of several studies, our laboratory has shown that daily ES applied to the facial nerve proximal to the site of injury affects early events in the nerve regeneration process, and therefore functional recovery, in rats by initiating axon sprout formation [5] [6] [7] . Pockett and Gavin reported that administering ES following sciatic nerve crush injury in rats accelerates the appearance of the toe-spreading reflex, a sensitive indicator of the onset of motor recovery [8] .
Therefore, ES appears to enhance early regeneration events that initiate sprout formation of peripheral nerves in general.
ES is thought to mediate its positive effects on regeneration by enhancing the cell body response. In the presence of low-frequency ES, expression of the neurotrophin brain-derived neurotrophic factor, its high affinity receptor trkB, GAP43, and II-tubulin significantly increase shortly after femoral nerve injury [9] [10] . When administered after femoral nerve transection and surgical repair in rats, as little as 1 h of ES accelerates axonal growth across the injury site, thereby reducing the time needed for motoneurons to reinnervate muscles [11] . Similar effects of ES have also been demonstrated in the central nervous system. For example, peripheral ES promotes regeneration of the afferent fibers following central injury of dorsal root ganglion axons arising from the sciatic nerve [11] .
Our previous studies demonstrating the effectiveness of ES in enhancing recovery from facial nerve crush injury have used daily stimulation beginning the day after injury [5] [6] . However, given the evidence that ES acts on early events in the regenerative process, one of the objectives of the current study was to determine the effectiveness of ES administered immediately following crush injury. In addition, because repeated application of direct ES to the facial nerve is not always practical in the clinic, another objective of the study was to determine whether the number of sessions of ES could be reduced while still improving functional recovery.
METHODS

Animals
Adult, male, Sprague-Dawley rats (~2 mo old) were obtained from Harlan (Indianapolis, Indiana) and used for all experiments. Animals were housed under a 12 h light/dark cycle and received standard rodent diet and water ad libitum.
Surgical Procedures
For facial nerve crush injuries, all rats received intraperitoneal injections of ketamine (100 mg/mL; 0.1 mL/ 100 g body weight) and xylazine (20 mg/mL; 0.025 mL/ 100 g body weight). The right facial nerve was exposed and crushed at its exit from the stylomastoid foramen proximal to the bifurcation of the main trunk. The crush injury consisted of two 30 s crushes using fine forceps, each occurring at the same level of the nerve but with a 180° change in the orientation of the forceps around the nerve. This method ensured that the entire width of the nerve was symmetrically crushed while leaving the nerve sheath intact to serve as a conduit for regenerating axons. For consistency in amount of pressure applied during the crush, the same researcher crushed all nerves in this study. A successful crush was confirmed in each animal by observing complete loss of the blink reflex, flattening of vibrissae orientation, and paralysis of vibrissae movement. The uninjured left side served as an internal control for each animal.
Electrode Implantation and Electrical Stimulation
Electrode assemblies were constructed as previously described [5] [6] . During the same surgery as the crush procedure, the base of the electrode assembly was sutured onto the paraspinous muscles of each animal. The negative electrode terminal was then sutured approximately 2 mm proximal to the crush injury site and the positive electrode terminal to connective tissue about 3 to 5 mm away from the negative terminal on the opposite side of the nerve, such that electrical current passing between the electrode terminals stimulated the regenerating axons in the nerve.
The animals were divided into seven groups (n = 6 in all groups): one group that received no ES; one group that received one 30 min session of ES immediately following the injury (1 session); groups receiving one 30 min session of ES immediately following the injury along with additional sessions either 1 d later (2 sessions), 1 d to 3 d later (4 sessions), or 1 d to 6 d later (7 sessions); and a group that was stimulated daily until complete recovery as previously described [5] [6] [7] . The onset of recovery for both vibrissae orientation and eye blink reflex occurred within a few days. Because of this, the later time points (i.e., more sessions of ES) did not always provide an experimental manipulation that was meaningfully different from daily stimulation. In these cases, the later time point groups were incorporated into the daily group.
The animals that received ES were connected to an electrical stimulator ( World Precision Instruments, Inc; Sarasota, Florida) that generated 1 ms-wide square wave direct current stimulus pulses at 20 Hz (1.5 mA, 1 s), followed by a 1 s rest period. This pattern was repeated for 30 min. Voltage was increased slowly and set to a level at which rats displayed a right ear flutter. All animals were placed in the stimulation chamber daily throughout the entire study; however, the ES was only administered to those animals in the 1, 2, 4, 7, or daily session groups for the appropriate number of sessions. The rats in the unstimulated control groups were treated identically in all respects (including being placed in ES chambers for 30 min per day throughout the entire study), except that they received no actual ES.
Behavioral Assessment of Functional Recovery
To assess recovery following nerve injury, right-side facial functional recovery was compared daily with the uninjured left side. The eye blink reflex, vibrissae movement, and orientation of the vibrissae relative to the rostrocaudal axis of the animal were measured. These parameters were chosen because they are dependent on the facial nerve and have been used in previous studies of facial nerve recovery [5] [6] [12] [13] . The time to complete recovery of all measured parameters was also recorded and analyzed. To ensure the reliability of facial nerve function assessments, the same two observers who were blinded to the treatment groups verified all scores. The facial functional parameters were scored on a 3-point scale (1 = no recovery, 2 = partial recovery, 3 = complete recovery), as previously described [5] [6] [12] [13] .
Statistical Analysis
All outcome measures were analyzed using analysis of variance (ANOVA). In order to test whether more stimulation sessions yielded better outcomes, statistically significant ANOVAs were followed by post hoc analysis of all pairwise comparisons using the Holm-Sidak method to correct for multiple comparisons.
RESULTS
Eye Blink Reflex
Time to onset of recovery of the eye blink reflex was significantly reduced by ES (F(3, 30) = 7.13, p < 0.001; Figure 1(a) ). Mean time to onset in untreated animals was 7.0 d, but this was significantly reduced in all electrically stimulated groups (p < 0.05). Among stimulated animals, mean time to onset of eye blink recovery was 4.2 d (~40% reduction). This time did not differ significantly between electrically stimulated groups, with a single session of ES being just as effective as multiple sessions. Since onset of the eye blink reflex was recovered in the 4 and 7 d ES treatment groups before 4 d, these animals were included in the daily stimulation group.
Untreated animals completely recovered the eye blink reflex in a mean of 17.0 d. Complete eye blink recovery time was also significantly affected by ES (F(5, 31) = 2.59, p < 0.05; Figure 1(b) ). Animals receiving 1, 2, or 4 sessions of ES completely recovered the eye blink reflex in a mean of 12.5 d (~26% reduction); these groups were all significantly reduced compared to untreated animals (p < 0.05), but did not differ from one another. Animals receiving 7 sessions or daily stimulation recovered full eye blink reflex in an intermediate 14.6 d; these groups did not differ significantly from either untreated animals or the other stimulation groups.
Vibrissae Orientation
The mean time to recovery of vibrissae orientation in untreated animals was 12.6 d, and this was significantly reduced by ES (F(4, 32) = 20.53, p < 0.05; Figure 2 ). All groups receiving ES recovered normal vibrissae orientation more quickly than animals that did not receive ES (p < 0.05). Animals in the 1, 2, and 4 session groups recovered in 9.1 d (~28% reduction), on average, and these groups did not differ significantly from one another. However, animals in the daily stimulation group recovered more quickly than animals receiving fewer sessions of stimulation (p < 0.05), with a mean recovery time of only 5.5 d (~56% reduction from untreated controls).
Vibrissae Movement
The mean time to the onset of vibrissae movement in untreated animals was 17.1 d. This time was significantly reduced by ES (F(5, 34) = 3.56, p < 0.05; Figure 3(a) ), with all groups that received ES having a lower time to onset than untreated animals (p < 0.05). Among animals receiving ES, mean time to onset was 13.2 d (~23% reduction), and this did not differ significantly between groups, with a single session of stimulation being just as effective as multiple sessions.
Time to full recovery of vibrissae movement showed a similar pattern. Untreated animals recovered full vibrissae movement in a mean of 20.4 d, with ES significantly reducing this time (F(5, 32) = 4.62, p < 0.01; Figure 3(b) ). All groups receiving ES recovered full vibrissae movement more quickly than untreated animals (p < 0.05). Among electrically stimulated animals, mean time to recovery was 16.0 d (~22% reduction). This did not differ between electrically stimulated groups, with a single session being just as effective as multiple sessions.
Complete Recovery
The time to complete overall recovery was also measured and scored as the day on which each individual animal had reached complete recovery of all other behavioral parameters. Mean time to complete recovery in untreated animals was 20.4 d. This time was significantly affected by ES (F(5, 30) = 3.79, p < 0.01; Figure 4) . With the exception of the 7-session group, mean time to complete recovery in Figure 1 . Number of days to (a) onset of recovery or (b) complete recovery of eye blink reflex for untreated animals, animals receiving either 1, 2, 4, or 7 sessions of electrical stimulation (ES), and animals receiving daily stimulation until complete recovery. ES administered for any number of sessions significantly reduced time to onset of recovery of eye blink. Time to complete recovery of eye blink reflex was significantly reduced in animals that received 1, 2, or 4 sessions of ES compared with untreated animals, whereas 7-session and daily treatment groups recovered in intermediate period of time that was not significantly different either from other stimulation groups or from untreated animals. Bar heights represent mean ± standard error of mean. 
DISCUSSION
Recently, our laboratory has focused on developing therapies that enhance axonal regeneration following nerve injury. Our initial studies investigated the therapeutic potential of ES in nerve regeneration following a rat facial nerve crush injury because of ES's enhancing effects on the morphological and functional properties of neurons [1] [2] [3] [4] . In these studies, daily, low-frequency ES hastened the onset of recovery of the eye blink reflex by reducing the initial delay in sprout formation rather than by increasing the rate of axonal regeneration, indicating that ES acts primarily on events in the early stages of recovery [5] [6] [7] . Although early recovery parameters were enhanced with the administration of ES starting the day following injury, complete recovery of all functional parameters was not significantly affected. Therefore, the present study set out to determine whether ES, if given immediately following a facial nerve injury, can significantly decrease time to complete functional recovery. Additionally, since brief ES applied to an injured femoral nerve has been shown to accelerate axonal growth across the injury site [11] , an additional goal of the current study was to determine whether daily stimulation is necessary or whether a smaller number of sessions would be sufficient to enhance regeneration and recovery in the facial nerve injury model.
ES of nerve terminals has been shown to induce rapid filopodial sprouting in primary neuron cell cultures in the presence of extracellular Ca 2+ [3] . It has also been reported that, following sciatic nerve crush injury in rats, administering ES accelerates the appearance of the toespreading reflex, a sensitive indicator of the onset of motor recovery [8] , further supporting the concept that ES enhances early regeneration events that initiate sprout formation. Therefore, the current study first tested whether ES administered immediately following injury rather than the following day would be sufficient to significantly enhance complete functional recovery. Building on our previous findings (in which ES was administered beginning on the day following injury), this report demonstrates that immediate ES administration, regardless of the number of sessions, significantly reduces the time to complete recovery of all functional parameters. The average time to complete recovery was approximately 20 d for untreated animals and approximately 16 d for animals treated with ES, showing a 20 percent reduction in recovery time. These data further support a role for ES in mediating early events in the regenerative process.
Our previous work with ES used a daily exposure paradigm. In a femoral nerve injury model, however, brief ES-as little as 1 h-has been shown to accelerate axonal growth across the injury site, thereby reducing the time needed for motoneurons to reinnervate muscles [11] . Therefore, the present experiment also studied whether daily ES was necessary or whether a shorter number of sessions would be sufficient to enhance regeneration following a facial nerve crush injury. When compared with animals that did not receive ES, a single 30 min session of ES was as effective as more prolonged stimulation regimens in reducing time to functional recovery of the onset of the eye blink and both the onset and complete recovery of the vibrissae movement. In fact, increasing the number of sessions or even administering ES daily appears to be detrimental to recovery time for the complete eye blink. In the most critical measurement, complete recovery, a single bout of ES was no better or worse than daily stimulation.
One potential mechanism for the actions of ES may be alterations of the inflammatory process. ES may reduce inflammation sooner or may inhibit the inflammatory process from proceeding to a point of secondary damage after the crush injury. Although ES is known to alter the mobility of macrophages and Schwann cells at the site of injury, we do not believe this affects functional recovery. We have previously explored the role of inflammation on functional recovery by treating with the corticosteroid prednisone following an intratemporal facial nerve crush injury [14] . We determined that prednisone does not affect the recovery time either alone or in combination with ES, suggesting that the effects of ES on functional recovery are not through an inflammatory mechanism. Additionally, others have looked at a short-term, high-dose methylprednisolone treatment following optic nerve injury in rats and found that such treatment has no effect on cell survival, macrophage activity at the site of injury, axonal regeneration, or visual function [15] .
CONCLUSIONS
These findings are the first to show that a single brief (30 min) session of ES, when given immediately after the facial nerve crush injury, can significantly reduce time to complete functional recovery. Gordon et al. have shown that brief (1 h) low-frequency ES given to patients within 15 min of an open carpal tunnel release surgery increased the number of motor units, resulting in increased muscle reinnervation as early as 3 mo postsurgery. Muscle reinnervation was significantly higher after 6 to 8 and 12 mo postsurgery [16] . These findings have exciting clinical implications for facial nerve injuries because they suggest that, if a surgeon identifies a facial nerve injury during a surgical procedure, a single brief session of ES administered to the nerve prior to wound closure may increase muscle reinnervation and therefore decrease the patient's recovery time. A single session of direct nerve stimulation may not always be feasible, as in cases of facial paralysis resulting from Bell palsy. Therefore, we plan to further elucidate the molecular mechanism underlying the effects of ES on functional recovery and explore potential pharmacological agents that may mimic the actions of ES for use in situations where direct nerve stimulation is not possible.
